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ABSTRACT 

 

The concept of the microgrid is widely studied and explored in both academic and 

industrial societies. The microgrid is a power system with distributed generations and loads, 

which is intentionally planned and can be disconnected from the main utility grid. 

Nowadays, various distributed power generations (wind resource, photovoltaic resource, 

etc.) are emerging to be significant power sources of the microgrid.  

This thesis focuses on the system structure of Photovoltaics (PV)-dominated microgrid, 

precisely modeling and stability analysis of the specific system. The grid-connected mode 

microgrid is considered, and system control objectives are: PV panel is working at the 

maximum power point (MPP), the DC link voltage is regulated at a desired value, and the 

grid side current is also controlled in phase with grid voltage. To simulate the real circuits 

of the whole system with high fidelity instead of doing real experiments, PLECS software 

is applied to construct the detailed model in chapter 2. Meanwhile, a Simulink 

mathematical model of the microgrid system is developed in chapter 3 for faster simulation 

and energy management analysis. Simulation results of both the PLECS model and 

Simulink model are matched with the expectations. Next chapter talks about state space 

models of different power stages for stability analysis utilization. Finally, the large signal 

stability analysis of a grid-connected inverter, which is based on cascaded control of both 

DC link voltage and grid side current is discussed. The large signal stability analysis 

presented in this thesis is mainly focused on the impact of the inductor and capacitor 

capacity and the controller parameters on the DC link stability region. A dynamic model 

with the cascaded control logic is proposed. One Lyapunov large-signal stability analysis 

tool is applied to derive the domain of attraction, which is the asymptotic stability region. 
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Results show that both the DC side capacitor and the inductor of grid side filter can 

significantly influence the stability region of the DC link voltage. PLECS simulation 

models developed for the microgrid system are applied to verify the stability regions 

estimated from the Lyapunov large signal analysis method.  
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1. INTRODUCTION 

1.1 Background 

Energy is the cornerstone of the existence and development of modern society. With 

the continuous development of the global economy and society, energy consumption has 

also been increasing in recent years. Consequently, the scarcity of fossil fuels has become 

an issue, which shows a significant challenge for the whole world. To alleviate the issue 

brought by the increasingly tense request and supply of fossil energy, the large-scale 

development and application of renewable energy have become an essential part of the 

energy strategies of various countries. For example, solar energy is an inexhaustible source 

of renewable energy. It has sufficient cleanliness, absolute safety, relative versatility, exact 

longevity and maintenance freeness, adequacy of resources, and potential economics. 

These advantages make solar energy an essential role in the long-term energy strategy.  

To sufficiently and effectively utilize solar energy, PV (Photovoltaic) microgrid 

systems are playing an important role in renewable energy system nowadays. Many other 

renewable energy sources are gradually applied as well, for instance, wind energy and 

hydro energy. Electric power generated from different renewable energy sources can be 

directly used, which provides customers with various choices. Meanwhile, different 

renewable energy sources can work in parallel to improve the power quality and stability 

of the microgrid. As a result, the integration of PV panels and/or other (renewable energy) 

sources into the utility grid becomes necessary. 

1.2 Literature review 

The structure of Microgrid is still changing during these years. According to the 

standards IEEE 1547.4-2011 [1], the term DR (distributed resources) island systems that 
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generally refer to Microgrid. Typically, microgrids are the EPS (Electric power systems) 

that: (1) can be disconnected from main utility grid under urgent circumstances, (2) have 

DR and load requirements, (3) are planned on purpose.  

Under normal conditions, microgrid systems will always be connected to the main 

power system for stability and energy allocation concerns. There are also different control 

ways to manage the power flow and incorporation between the microgrid and main power 

systems. Talking about the main power system, the U.S power system [2] is an intensively 

sophisticated system of system, including the power generation, transmission, and 

distributed energy system. Moreover, a lot of functional institutions concerning planning, 

operating and supervision are related to the U.S power system. Last, end use and distributed 

energy resources are the critical parts of the power system as well. 

The U.S power system comprises: 

Generation: Electricity generation takes up to the most significant portion of the U.S. 

primary energy usage, among which the domestically produced coal accounts for 80%, 

one-third of the gas production, and almost all the nuclear and abiotic renewable energy 

production. 

Transmission: The U.S. transmission network includes all the electrical power lines 

that connect power generators with the local power electric companies.  

Distribution system: The reason for comprising larger size power system generators 

and transmission networks is to provide enough electricity to distribution substations stably. 

On the contrary, the distribution system is responsible for providing electricity at the 

desired time and place of the customer and fulfilling the minimum criteria of reliability and 

power quality at the same time. 
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Distributed energy resources (DERs): Distributed energy resources form a wide range 

of technologies, which significantly influence the power demand and time required by the 

power grid. Although there are different definitions of distributed energy resources, this 

term is applied in the Quadrennial Energy Review (QER) to specific include distributed 

generation, distributed energy storage, and technologies of power resource management on 

demand side. Moreover, the power efficiency is also one part of it.  

End use: The infrastructure facility, which refers to use, demand or power transfer 

physical components, the function of which is to provide product or service to the 

consumers.  

Primary distribution lines [3] are basically “medium-voltage” lines, normally 

considered from 600V to 35kV. In distribution substation, the substation transformers 

separate the input voltage (35to 230kV) to several distribution primary lines, then the 

substation sends all the energy out. Substation transformer will get the primary distribution 

voltage and degrades the primary voltage to lower secondary voltage circuits (Usually 

120/240V, other voltage may also apply), then every end use consumers get access to such 

power electricity. Finally, the end use consumer is connected to the service port of 

substation transformer and secondary substation circuits.  

In recent years, more and more distributed energy resources are becoming the 

supplement and substitution of large traditional central power plants. Distributed 

generations have the following popular technologies [4], which are increasingly applied in 

our life. 

PV technology: with the improvement of research and analysis work of PV system, it 

is now regarded as the alternative energy or complementary energy source in either pure 
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PV system or hybrid system. It is suggested to increase the reliability, reasonable cost and 

user-friendly topologies design for making the PV system working more efficiently. In 

other words, to enhance the PV system performance as much as possible. 

Wind turbine technology: In wind generation system, the technology has been 

developed to a mature level, which is ready for authentic, stable power generation method 

in a public facility. In the past recent years, wind turbine system technology had been 

through enormous change. From the rim of the technology in the 1970s to 2000s wind 

turbine generator, which implements the latest power electronics devices, air dynamics, 

and mechanical drive system design, 

Energy storage system: the existence of the storage system in the renewable energy 

system is for supporting the reactive power required by load and other power electronic 

device. More importantly, the energy storage is used to maintain the DC link voltage 

stability in islanded microgrid working condition. Usually, Supercapacitors, battery bank, 

flywheels, and compressed air energy storage are applied to DC link connection for higher 

quality electricity generation. 

Since the microgrid of this thesis is PV- dominated, the PV inverter system is 

introduced, which has the following classification: Usually, the PV inverter system is 

divided into three types: central inverters, micro-inverters, and string inverters. The basic 

schematic of central inverters is to connect PV modules in parallel, then the DC-DC boost 

converter and inverter is connected to the whole PV output. The micro-inverters idea is to 

make every single PV module connect to a specific inverter, which can accurately track the 

maximum power working point. However, the cost will be relatively high. The string 
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inverters connect all the PV panels in one string and the output of which is connected to 

DC-DC boost converter cascaded with an inverter. 

In general, PV inverter system can be classified into three parts [4]: PV panel, DC-

DC boost converter, and inverter. Meanwhile, the isolated DC-DC converter or non-

isolated DC-DC converter needs to be chosen. Frequency transformer is applied to fulfill 

galvanic isolation. The utilization of transformer is one of the necessary isolation (Required 

by U.S. regulation). Modern inverter inclines to be designed with a high-frequency 

transformer. However, the isolated DC-DC boost converter is not required to be installed 

in PV inverter system in some countries where the grid isolation is not mandatory. 

PV inverter system operation conditions: Usually, PV inverter system working modes 

have two types: grid-connected and stand-alone respectively. Grid-connected mode means 

the inverter output side is connected to the utility grid through harmonics filter. Under this 

kind of total system configuration, the major power source is still from PV panel. When 

the power demand is higher than the maximum output power of PV panel, grid side will 

provide power. For stand-alone mode PV microgrid, the nominal energy source of the 

microgrid is the PV. Moreover, the energy storage presents an important role. The major 

difference between these two working modes is the control logic. Finally, the PV microgrid 

has single phase and three phase configurations. 

The stability analysis should be taken into consideration before the microgrid system 

is applied into practical use. Usually, stability analysis problems of the power system are 

divided into three categories by IEEE/CIGRE united cooperation group. Rotor angle 

stability, voltage stability and frequency stability [16]. As for rotor angle stability, since 

there is no generator DG unit in the proposed system, it is not considered in this case. The 
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basic idea is to maintain a specific angle to output stable power. Voltage stability refers to 

the ability of all the lines maintaining at a stable voltage in power system under 

disturbances. For this specific system in this thesis, the stable operating conditions are 

defined as stable dc link voltage, PV maximum power point tracking, grid side current in 

phase with the grid voltage, and the voltage and current ripple satisfies the requirement. 

Once all these requirements are fulfilled, the system is stable. It is the power balance 

between load demand and power supply on each bus. Frequency stability is the ability of 

the power system working in a stable frequency under all kinds of conditions. For instance, 

system frequency declines as the load added up; this is the balance between generation and 

load plus power loss. The voltage stability is related to reactive power, but the frequency 

stability has something to do with the active power. If there is a fluctuation in power grid 

frequency, the voltage will also be influenced.  

Microgrid operation principles: Microgrid can operate in both grid-connected mode 

and islanded mode. Different control strategies can be applied to regulate the voltage and 

frequency. Microgrid has a much faster response time in fault situation due to small output 

impedance and small over-current capability. 
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Classification of Microgrid stability: 

Microgrid 

Stability

Grid connected 

Microgrid

Island 

Microgrid

Transient 

Stability

Small 

Disturbance 

Stability

Voltage 

Stability

Small 

Disturbance 

Stability

Transient 

Stability

Voltage and 

Frequency 

Stability
 

Figure 1. General Classification of Microgrid stability. 

 (Modified from [25]) 

For grid-connected microgrid. Small signal stability analysis mainly focuses on how 

the load disturbances and droop controller parameters impact the voltage stability of the 

total microgrid. A microgrid is usually not large, and the disturbance happened in it will 

not influence the frequency of utility grid. So, the rotor angle stability and frequency 

stability are not considered in the grid-connected microgrid. Another part of grid-connected 

stability is about transient stability, which is classified into short-term and super short-term 

transient. Because when there is a fault happens in grid side, the controller should respond 

in microseconds to overcome the threats of current flowing into an inverter, which will 

cause the safety issue of the microgrid. 
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Microgrid transient stability: 

Microgrid transient stability

Grid connected Microgrid Islanded Microgrid

Single DGs
Control 

strategy
Load type Fault type

PV

Wind

Generator

Droop control

Other control

RLC

Motor

Variable load

Unbalance load

Fault location

Clearing time

Storage

MPP control

 
Figure 2. Microgrid transient stability.  

    (Modified from [25]) 
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2. SINGLE PHASE GRID-TIED PV INVERTER SYSTEM WITH ENERGY 

STORAGE AND PEV 

2.1 Introduction 

Photovoltaic systems with high power stages are becoming more and more popular in 

recent years. The PV inverter system consists of photovoltaic energy source, converter, and 

the inverter that can be directly connected to the grid. For the proposed system in this thesis, 

there is also an energy storage system connected to the DC link. Besides, the PEV that 

represents an additional load is located at the AC side. Basically, the two working modes 

of the microgrid are grid-connected and stand-alone. Both modes can be analyzed 

separately and the difference between these two modes is the control strategy. For the grid-

connected mode, PV system that is considered in this thesis will mainly power the AC load. 

When the demand is higher than the PV output power, the grid will support the power 

requirement. On the other hand, if the power of PV exceeds the requirements of the load, 

the remaining power will be absorbed in the energy storage device, in this thesis, which is 

the battery storage. Moreover, when there is a sudden load variation, the control strategy 

should shift from the MPPT mode to droop control model for frequency regulation. Once 

the frequency of the system is regulated by the droop controller, an external signal will 

drive the system to work at the MPPT mode to sufficiently utilize the PV module. The 

modeling, electric circuits, and component parameters extraction based on the grid-

connected mode will be mainly discussed in this thesis. 

2.2 System descriptions 

PV inverter system is typically classified into two categories: single phase and three 

phase inverter system. Typically, the three-phase PV inverter system has more practical 

values. Considering the transmission and power generation issues, the three-phase power 
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system is usually used because of cost-effective characteristics and lower loss during the 

transmission process. In the industrial and commercial fields, the utility system is also 

commonly connected to the three-phase PV inverter system. However, if the power rating 

of the system is lower than 10kW, the single-phase PV system is suitable. For a system 

with a larger power rating, the three-phase PV inverter system is safer and more economical. 

This thesis presents the detailed modeling of a specific single-phase PV inverter system for 

research purposes. In this type of single-phase PV inverter system, the HF (high-frequency) 

or LF (low-frequency) transformer is also needed in high voltage level systems for galvanic 

isolation. 

The overview of the whole system is in Figure 3. 

 

Figure 3. Overall schematic of the proposed system. 

From Figure 3, it is noticed that the photovoltaic panel serves as the major renewable 

energy source. A step-up DC-DC converter is connected to the PV panel for high-efficiency 

power conversion and achieving the maximum power point tracking of the PV panel. 

Typically, the voltage of the inverter input should be greater than the maximum value of 

the inverter output AC voltage to make sure the power generated from the PV can be 
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injected into the grid. The battery storage is connected to the DC link through a bi-

directional DC-DC converter. Then, the charging and discharging function can be fulfilled 

to maintain the power matching. On AC side, the PEV model that represents the load 

requirements is connected to AC bus. Meanwhile, a simple battery model that is the same 

as the one on DC side is chosen to demonstrate the PEV battery characteristics. The AC 

charger is the simple PFC circuits connected with a buck converter. The basic control logic 

of the whole system is the maximum power point tracking of the PV panel, which is 

controlled by the DC-DC converter. The DC link voltage and grid current are controlled 

by the inverter. The coupling point of converter and inverter is a capacitor with enough 

capacity that is called the DC link [12]. The voltage of the dc link is supposed to be a stable 

value for the good working condition of the microgrid. Moreover, the DC link capacitor is 

used to balance the difference between the instantaneous power and the average power of 

AC side. To make sure all the active power delivered to the grid side, a specific PR 

(Proportional - Resonant) controller that aims to control the current to be in phase with the 

grid (Unity power factor) is applied. The control logic (Figure 4) for the inverter side is the 

cascaded control that the dc link voltage and UPF are controlled only by the inverter. 

 

Figure 4.Control diagram of the inverter. 
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The single-phase string inverter is selected for the modeling procedure, and the basic 

schematic is shown in Fig.1. 

 

Figure 5.Block diagram of string inverter system. 

For DC/DC stage, an isolated boost DC/DC converter is designed for fixed input 

voltage to meet the requirement of the PV output. In this case, a constant PV output voltage 

can be achieved through MPPT algorithm. For DC/AC stage, a full bridge unipolar two 

poles grid-connected inverter is chosen. A fixed DC link voltage control and a grid side 

current phase control are applied. Once the control goals are achieved, the DC battery 

storage and the AC side PEV can be connected to the desired area for research purpose. 

The MPPT control strategy is based on Incremental conductance MPPT algorithm, 

which uses the slope of power versus voltage of a PV array to track the maximum power 

point very rapidly. There are many other MPPT algorithms, and the details are shown in 

the MPPT controller design section.  

To design a specific PV inverter system, a few specifications need to be known (e.g., 

power rating). The design steps are: first to determine all the inductor, capacitor and other 

component parameters that can meet the system requirements. Once the plant model is set, 

designing the controller is the next step. Finally, some simulation plots demonstrate the 

system response are used to show the overall system behavior.  
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The specific inverter chosen from the major inverter manufacturer is ABB string 

inverters PVI-5000-TL-OUTD. The main specifications are shown in Table 1. 

Table 1.Specifications of the inverter. 

Type code PVI-5000-OUTD-US 

Absolute maximum DC input voltage 600 V 

Full power MPPT voltage range 175-530V 

Nominal output power 5000W 

DC input voltage range 145~530 V 

AC voltage range 221~264V 

Output frequency range 57-60.5Hz 

Total current harmonic distortion < 2% 

Nominal power factor and adjustable range 0.8 inductive to 0.8 capacitive 

2.3 PV stage 

 
Figure 6. PV panel model in PLECS. 

2.3.1 Model derivative 

Single diode-based PV cell model is as Figure 7 shows. 

 
Figure 7. PV cell single diode model. 



14 

Iph is the photon current at a specific temperature and irradiance level. Photon current 

is generated by the internal semiconductors. Ideal PV cell is modeled as a solar-irradiance-

dependent current source in parallel with a diode. Since the p-n junction of the inner circuit 

has unidirectional characteristics, the current in the external circuit is the difference 

between the photon current and the forward-biased diode current. Rsh is called the shunt 

resistance, which models the leakage current of the p-n junction in the semiconductor. 

Typically, the Rsh value is a large value, with low values representing defective cells. 

During the low irradiance level, the impact of Rsh on the photovoltaic panel efficiency. 

Meanwhile, the Rs represents the combined resistances of contacts between cells, metal 

grids, and p and n layers. Rs determines the terminal voltage at which the current begins to 

drop rapidly as the I-V curve of the PV panel will gradually decrease to zero in a certain 

voltage. The characteristic equations are listed as follows. 
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s
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where Io is the dark or reverse saturation current of the diode at one temperature. Higher 

diode quality relates to smaller Io. Io increases significantly with temperature. T is 
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temperature, q is the charge of an electron. k represents Boltzman constant, a is diode 

ideality factor. Isc, Voc, k1 can be found in the PV cell specification. 

The specific PV module is TSM_245_PA0508. So, the model derivation is presented 

in the following order. 

Photon current (at STC), 

8.68ph scI I A 
 

From the datasheet, zooming in near the short circuit current region at full irradiance 

(8-9A and 0-10V region) 
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Then we calculate the 0I , SR  and a by three nonlinear equations, 
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A simple Matlab code that is shown in appendix is applied to calculate a , sR  and 0I  

by sweeping a from 1 to 1.5, then the closest maximum power point at STC can be found. 

8

0 6.91661*10 , 1.304, 0.15032SI A a R   
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2.3.2. Four cases of PV panel plots 

 

P-V and I-V characteristics are shown to demonstrate the dynamics of the PV panel 

model. 

(i) 1000 W/m^2 (STC) for all cells 

 
Figure 8. 1000 W/m^2 for all cells characteristic plots. 

(ii) 500 W/m^2 for all modules 

 
Figure 9. 500 W/m^2 for all modules characteristic plots. 
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(iii) 200 W/m2 for all modules 

 
Figure 10. 200 W/m^2 for all modules characteristic plots. 

(iv) 500 W/m2 for 1/3rd of the total number of cells, 800 W/m2 another 1/3rd of the total 

number of cells, and 1000W/m2 for the remaining cells. 

 
Figure 11. Three stages for all modules characteristic plots. 

2.4 DC-DC Converter Design 

The DC-DC converter has a wide range of categories: buck converter, boost converter, 

buck-boost converter, flyback converter, etc. Different converters have different topologies. 

Suitable topologies are chosen according to different system requirements. For this DC-

DC stage, the isolated boost DC-DC converter is chosen for its galvanic isolation capacity, 

compared with the non-isolated DC-DC converter. For designing a scaled-down DC-DC 

converter with a low voltage rating, the non-isolated DC-DC converter is suitable since the 

new standard of IEEE does not require an isolated transformer. The isolated DC-DC 
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converter is much more suitable for a high power PV inverter. Another characteristic is that 

in PV inverter system, there is no need for boost converter to be bidirectional, because this 

PV application needs no power from AC grid. The topology of the isolated-boost DC-DC 

converter is shown below. 

 
Figure 12. Isolated-boost DC-DC converter schematic. 

The input of this converter is the PV string output that has a wide range of voltage 

variations due to different irradiances and temperatures or panel characteristics. The output 

of which is typically 400V or higher constant value (with 120Hz ripple) that accommodates 

different grid voltages (typical 240V). The control goal of the duty ratio is defined to track 

the maximum power of the PV panel. 

The relationship between input voltage and the output voltage is as follows. 

(1 )
in o

D
V V

n




. 
(6) 

So, the turns-ratio of the transformer is calculated below. 

min

max

(1 )o

in

V d
n

V




. 
(7) 

Choosing dmin=0.1, 

min

max

(1 ) 400(1 0.1)
0.69

524

o

in

V d
n

V

 
  

 

Design L: to limit inductor current ripple LI  to 5% of maximum average inductor 

current (Typically the ripple is 3-5% maximum value of the current, which should be 

selected). 
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It is better to choose a relatively higher value for making the system response more 

reasonable and ideal, L=5mH. 

Design of C: The output capacitor, which is connected to DC/AC stage will induce 

120Hz voltage ripple. The selected capacitor should limit this voltage ripple lower than 10% 

of average dc-link voltage. The dc-link capacitor can be calculated below. 

2 2*5000
830

4 (0.5 ) 4*400*377*0.5*40

o
dclink

o o

P
C F

V V



  


 

Finally, the capacitance of the dc-link capacitor can be selected as 3mF   

The input capacitor is used to limit the voltage ripple induced by inductor current 

ripple, which can be calculated as below, 

8

3

1 1.72 1
* * 3.71*10

8 58 8*50*10 *2

L
in

in s

I
C F

V f


  


 

Finally, to get smaller voltage ripple, a larger capacitor should be chosen, the selected value 

is10 F . 
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The specifications of the DC-DC stage are shown in the Table 2. 

Table 2. Specifications of the DC-DC stage. 

Type code Value 

DC Input voltage 524V 

DC Output voltage 400V 

Maximum Output power 5000W 

Frequency switching rate 50kHz 

Duty Cycle(min) 0.1 

Transformer turn ratio 0.69 

Lin 5mH 

Cdclink 3mF 

Cin 10uF 

 

The DC/DC isolated boost converter is shown in the following figure. 

 
Figure 13. Schematic of DC/DC boost converter. 

 

The bidirectional DC-DC converter design procedure for DC battery charger is the 

same as this section listed above. The inductor value and capacitor value should be within 

the system requirements. The simple PI controller is also designed for regulating the output 

of the converter to charge the battery. 
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2.5 DC-AC inverter design 

Full bridge inverter is commonly used in DC-AC transformation, and this popular 

topology is chosen for its low cost and low loss. There are also many other topologies 

designed for some specific cases. PV inverter system usually chooses the full bridge 

inverter controlled by unipolar PWM wave. The unipolar switched inverter offers reduced 

switching losses and generates less EMI compared to bipolar PWM controlled inverter. 

According to the specifications of the DC-AC inverter, the output current THD should 

be lower than 2%. The switching frequency is 20kHz, the maximum line current is 23A 

RMS. The equation for calculating THD is shown below. 

.

RMS

g linecurrnt

I
THD

I




, 
(8) 

23 8

8 3 212

S d
RMS a a a

T V
I m m m

L

 


   

, 
(9) 

The RMSI  should less than 23*2% 0.46A  RMS. Thus, the inductance of output 

filter can be calculated, 

23 8

8 3 212

S d
a a a

RMS

T V
L m m m

I

 


  


. 
(10) 

The calculation process is by substituting ma=
221*1.414

0.781
400

 .Thus, L=1.3mH. 

The final value of the inductor can be selected as 3mH for better system performance. 
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The DC/AC inverter schematic is as follows. 

 
Figure 14. Schematic of DC/AC inverter connected to the grid. 

 

For AC side PEV charger design, the most popular topology for PFC circuit is single 

phase boost PFC, which is the AC-DC rectifier, and the schematic is the full bridge diode 

connected with a boost converter. Moreover, the controller design is the same as the 

inverter, which will be demonstrated in the next section. The output voltage is regulated to 

a constant value. Meanwhile, the output current should be controlled to follow the rectified 

voltage. 

2.6. Controller design of the whole system 

2.6.1 DC/AC control 

The inverter output current control is applied to control the current through the filter 

in phase with the utility grid, which is to make sure all the power delivered from the PV 

panel is consumed by the load. In another way, the unity power factor is achieved. The 

main functions of the DC-AC inverter can be summarized as generating AC output current 

in phase with the AC utility grid voltage and balancing power between PV and Grid. 

Meanwhile, providing a constant dc link voltage that can be utilized as an energy storage 

site. Last, the inverter should maintain high power conversion efficiency and high 
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reliability, also low switching loss. A block diagram is shown to demonstrate the control 

logic. 

GI   Vd
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*
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Ig

+

-

Vc VL 1
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Figure 15. Current control diagram. 

The single filter is applied to connect the inverter to the grid, which reduces the 

harmonics of the inverter output current. The first choice of the current controller is PI 

controller, which will lead to result in a large steady-state error in current. Grid voltage 

feedforward is used to reduce the error. Besides, Proportional-resonant (PR) controller 

significantly can reduce the steady-state magnitude and phase errors without requiring grid 

voltage feedforward. Since the gain at 60Hz is very large. in this thesis, the PR controller 

is chosen for its better performance. The transfer function is given below. 

2 2
( )PR p I

s
G s K K

s 
 

 , 
(11) 

The bandwidth is chosen as 2 kHz, and phase margin is 60o. The transfer function of 

the plant is given below. 
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where, 2 *59.3 / ,  2 *60 /l rrad s rad s      4000c    

Thus, the PR controller transfer function is shown as below. 

2 2
0.0471 11.95*

(2 *60)
c

s
G

s 
 

  

Next part is about the outer loop DC link voltage controller design, which is regulated 

by a feedback controller, the block diagram is shown below. 

Gc(s)
Plant and 

current control
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IL ref

θ

    Vdc
2
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2
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IL ref+

-

Vdc
2

 
Figure 16. DC link voltage control diagram. 

 

The current loop controller has been designed before, the transfer function of the plant 

is calculated. 
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(12) 

To make the design procedure easier, the reverse of the equation above is adopted to 

design the controller. 
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So, this plant is shown below. 
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The k-factor method is applied to design the controller, The cross-over frequency is 

chosen to be 15Hz, and the phase margin is 60o. 
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Finally, the transfer function of the DC link controller is shown as below. 

1
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2.6.2. PLL controller design 

Next step is to design a suitable PLL (phase locked loop) controller for grid 

synchronization, which is used to make the inverter output be in phase with the grid voltage. 

The Phase-locked loop (PLL) is the predominant technique for grid synchronization of PV 

inverter. Any errors of synchronization will lead to an uncontrolled exchange of energy 

between the inverter and grid, which results in highly oscillations and overcurrent and 

voltage, even damaging the switching device. PLL controller first compares the input and 
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output waveforms to generate a voltage proportional to the phase difference. But there is 

also twice the ac frequency component in it. Then a low pass filter is applied to get rid of 

this high-frequency component. Finally, the voltage-controlled oscillator generates the sine 

and cosine wave with frequency and phase information according to the input voltage. The 

block diagram of the PLL controller system is shown as follows. 

 
Figure 17. Phase lock loop control diagram [41]. 

The plant transfer function is shown as below. 

1
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The k-factor method is also applied to design the PLL controller. 2 *6c   , and 

the phase margin is 60o. 
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Finally, the transfer function of the controller is derived. 
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The following Table 3. shows the specifications for DC/AC inverter power stage. 

Table 3. Specifications for DC/AC stage. 

DC input voltage 400V 

Grid voltage(RMS) 240V 

Maximum output power 5000W 

Switching frequency 20kHz 

Filter inductor 3mH 

 

The overall DC/AC inverter side control block is implemented. 

 
Figure 18. Schematic of whole control diagram. 
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2.6.3. DC-DC controller design 

 

The major task for the DC-DC controller is to guarantee the PV panel working at the 

maximum power point according to the requirement of the system. The DC-DC step-up 

converter converts the relatively low voltage to a higher level for reducing the power loss. 

Due to the reason that most of the power loss comes from the RMS current, with high 

voltage in a fixed power situation, the current will be relatively low. Thus the power loss 

will become small.  

To design the voltage controller, the isolated boost converter can be regarded as a 

buck converter. The voltage controller can also be designed according to the k-factor 

method. The bandwidth is selected as 2000Hz. PM equals to 60o. The detailed design steps 

are as follows. 
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Then, the transfer function of voltage controller can be expressed as follow: 
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2.6.4. MPPT control design 

 

There are many MPPT algorithms for PV panel, such as PnO, incremental inductance, 

climb hills, etc. Different methods have their pros and cons. In this thesis, the incremental 

inductance method is implemented to control the PV panel to work at the maximum power 

point. 

 
Figure 19. Incremental conductance MPPT algorithm flowchart [40]. 
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The flow chart shown above is the Incremental conductance MPPT algorithm. The 

control index is determined by the differential of PV power (dP) and PV voltage (dV). 

The total control of DC/DC stage is shown as below. 

 
Figure 20. Schematic of MPPT implementation. 
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2.6.5. Simulation results and system performance analysis 

Condition : 1000W/m2, 50°C 

Plots1: PV array output voltage and current, output power. 

 
Figure 21. PV array output voltage and current, output power. 
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Plots2: Transformer voltage and current (V1, I1 are the primary voltage and current, V2, 

I2 are the secondary voltage and current). 

 
Figure 22. Transformer voltage and current. 
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Plots 3: Inductor voltage of DC-DC stage. 

 
Figure 23. Inductor voltage of DC-DC stage. 

Plots 4: PWM voltage. 

 
Figure 24. PWM voltage. 

Plots 5 Grid current. 

 
Figure 25. Grid current. 
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Plots 6 Switching and average values of DC link current. 

 
Figure 26. Switching and average values of DC link current. 

 

For demonstrating the peak-peak ripple in the DC side inductor current matches with 

the calculation analysis, first, the inductor current detailed plot is presented. 

 
Figure 27. Detailed ILin current. 

 

As seen in the figure, the ripple is around 0.2A, which is because the calculated 

inductor value is 2.1mH, the real value used for simulation is 5mH. The calculated pk-pk 

ripple value is 1.72A. The simulation result is within the range value. So, this is a valid 

simulation. 
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For DC link voltage ripple, a specific graph is also shown below. 

 
Figure 28. Detailed Vdc. 

 

As is shown in the figure, the voltage ripple is around 8V. the maximum ripple value 

is around 40V, the calculated value is 830e-6F. But the real value used is 3e-3F to make 

the plot more precise. The simulation result is within the maximum value, which 

demonstrated the value match with the analytical calculations. 

THD of the grid side line current: From THD analysis in PLECS, the THD of grid 

current is 0.0183975, which is within 2% of the specification. 
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3. SIMPLIFIED MATHEMATICAL PV MICROGRID MODEL 

3.1 Mathematical model of the PV microgrid in Simulink 

For the mathematical model of the microgrid, the model is as the following figure 

shows. 

 
Figure 29. Complete average mathematical model. 

The model is based on a purely mathematical model, which can be used for energy 

allocation analysis. This PV model has MPPT algorithm combined in it. The output of this 

MPPT module is Iref, which is the input of the PV module. It is a little bit different from 

the Plecs control logic. In PLECS software, the control logic is basically using MPPT 

algorithm to generate Vref, and then the reference is compared with real-time Vpv. The error 

generated is going through the controller, the output of which is the duty ratio d. Next, the 

duty ratio is compared with a triangular wave to get PWM wave that used as the switch 

signal of the switch (e.g., MOSFET) in DC-DC converter. Hence, with the control of DC-

DC converter, the PV panel can work at the maximum power point. 
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3.1.1 PV panel  

From the left-hand side, a PV module with MPPT algorithm is presented, the 

environmental influence on the PV module is only the irradiance level, the temperature is 

not considered. 

 
Figure 30. PV model block. 

Then an algebraic constraint block is adapted to calculate the corresponding single PV 

cell voltage. And the MPPT algorithm is simply PnO method that is the most commonly 

used MPPT algorithm. The basic idea of this method is the voltage varies under the 

influence of a small perturbation, and the corresponding power is compared with the power 

in the previous perturbation period. When the power is going up, the voltage should be 

increased, on the contrary, the perturbation reverses. 

3.1.2 DC-DC converter 

Next part is the DC-DC boost converter. Basically, the schematic is a transfer function, 

which is Vbus divided by duty ratio. The duty ratio is a constant value, since a desired value 

of Vbus is known, and the Vpv is also fixed by the MPPT algorithm, the ratio of these two 

values is the duty ratio that is also the input of the transfer function. Below is the converter 

diagram representation. 
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Figure 31. DC-DC boost converter block. 

The transfer function is shown as below. 
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where RL value can be determined by the power matching. Pin equals to Pout. d is the duty 

ratio of the converter, R, L and C are the corresponding values in the converter. For the 

DC-DC converter used to charge the battery, it is the transfer function of buck converter 

that is similar to boost converter. 
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3.1.3 Inverter schematic 

 
Figure 32. Single phase inverter block. 

The fundamental math equations for the inverter are presented below. 
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(16) 

where Pin is the input power of the inverter, Ploss is the switching loss in the inverter, Pout 

is the inverter output power. D denotes the duty ratio, RL is the line resistance, The sine 

wave multiplied by a gain value represents the output value of inverter. 

The battery charger model in this mathematical model is the same as the transfer 

function as the buck converter, which demonstrates the charging situation. The battery 

model is the standard lithium-ion battery model. 
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4. STATE SPACE MODEL OF DIFFERENCE POWER STAGES OF PV INVERTER 

MICROGRID 

4.1 DC-DC boost converter 

 
Figure 33. DC-DC converter schematic. 
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for this model, Current source paralleled with resistor and capacitor is the average model 

of PV panel. The middle part that contains inductor, diode, and the switch is the DC-DC 

converter model. d equals to the switching ratio. 

In this case, Vc in the equation can be regarded as the output from PV panel, Vb can 

be regarded as the voltage of DC bus, which is regulated by the inverter. By applying the 

basic KCL and KVL to inductor and capacitor, the dynamics equation of the inductor and 

capacitor are shown in the equations above respectively. 
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4.2 DC-AC Grid-connected inverter with LCL filter model 

For Grid connected inverter side, the basic schematic is shown in the below picture: 

 
Figure 34. Grid-connected inverter with DC link. 

Generally, the AC side is the inverter connected to the grid through LCL filter, which 

is used to get rid of the harmonics generated by inverter high-frequency switch cycle. Using 

KCL and KVL law, the state equations can be derived. 
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Then, the state space equations are as follows. 
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, 

where 𝑖1, 𝑖2 are the currents going through inductor L1, L2 respectively, V is the voltage 

cross Port3 and Port4, which is the inverter output voltage, Vc denotes the capacitor voltage, 

Vg and Vdc are grid voltage and dclink voltage. 
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4.3 Bi-directional DC-DC converter model 

For battery connected to the DC bus, state space model [34] is illustrated as follows, 

Bi-directional DC-DC converter using a current generator, it is considered that the high 

voltage side of the converter as dependent current source, since it is controlled by inverter 

side, Vlow is the battery voltage.  

Switch S1, S2 control the flow directions (Charging and discharging). 

 
Figure 35. Bi-directional DC-DC converter circuits. 
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This state space model is derived from the small signal model method, which 

considers two cases: switch on and off, then combine those two equations about inductor 

current and capacitor voltage together. D=1-D’. 

In all, the state space model of each power stage is calculated and presented. It can be 

used for controller design or system stability analysis. The following chapter is mainly 

based on the accepted conference paper content [42]. 
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5. LARGE SIGNAL STABILITY ANALYSIS OF A HYBRID AC/DC MICROGRID 

WITH A CASCADED CONTROL INVERTER 

5.1 Introduction 

With ever improving applications of renewable energy sources, the framework of 

traditional power systems is gradually changing. One typical example is the emergence of 

various microgrids, which act as an interface of renewable energy sources and the utility 

grid. A microgrid can be regarded as a subsystem affiliated to a normal utility grid without 

considering working modes, which handles problems like stability, control, and power 

management in the integration of renewable energy sources. Based on the involved 

electricity bus [35][36], the microgrid is classified into three types: AC microgrid, DC 

microgrid, and hybrid AC/DC microgrid. For AC microgrid, all the energy sources, loads, 

and other energy storage systems are connected through the point of common coupling 

[35]. DC microgrid is constructed based on a stable DC link, and all the energy sources and 

loads are connected to the same DC bus. The DC link is then integrated with the utility grid 

via a bidirectional DC-AC inverter. Hybrid AC/DC microgrid consists of both stable AC 

and DC buses.  

The stability of microgrid needs to be guaranteed before various applications. 

Microgrid stability can be generally classified into two categories based on different 

working conditions, grid-connected and islanded. Each one has small disturbance stability 

and transient stability issues [25]. Typically, the small disturbance and transient stability 

of grid-connected microgrid only involve voltage stability. However, the islanded 

microgrid stability concerns both voltage and frequency stability. There are many aspects 

of analyzing the microgrid stability (e.g., control strategy, load and fault type)[26]. 
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Considering the analysis method, small signal and large signal analysis are the two main 

strategies.  

Small signal stability analysis first linearizes a nonlinear system at a specific operation 

point. Once the linearized system model is obtained, linear stability analysis tools can then 

be applied to analyze the system stability. Routh-Hurwitz stability criterion, eigenvalue 

and sensitivity analysis, or Nyquist were the commonly used methods [17][18]. Small 

signal perturbation method was also largely used in small signal stability analysis [18]. 

Small signal models for inverters [19], rectifiers [20], and converters [21] were developed 

specifically for microgrid stability and operation analysis. Although the small signal 

stability could be verified under a specific local linearization domain, the limitations of 

operation points were not defined [17][22]. 

On the other hand, large signal stability is less discussed for microgrid, which is 

directly based on nonlinear mathematical models without linearization. Lyapunov-based 

stability analysis methods were commonly used to find the estimated domain of attraction 

[23][24], which was understood as estimated stability region around a stable operation 

point [17]. Previous research considering the stability of a DC/AC inverter connected to 

the infinite grid bus depended on a droop-controller and did not combine the DC bus 

dynamics with AC grid dynamics together [24]. For example, only the DC bus dynamics 

was discussed, and AC was treated as a load requirement in [23]. This paper integrates the 

DC link stability and AC grid stability together based on a cascade controller and different 

plant parameters. 
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Figure 36. Schematic of the microgrid. 

. 
In this thesis, the study of the large signal stability on the input and output side (DC 

link dynamics and LCL filter dynamics) of the inverter is based on the proposed household 

hybrid AC/DC microgrid, shown in Figure 36. In this microgrid configuration, a PV 

connected to the DC bus is assumed to be always working at the maximum power point 

controlled by a DC-DC converter. Battery storage is connected to the DC bus. The home 

appliance load and EV battery are powered by the AC bus. Hence, the common droop 

control, which mainly focuses on power-sharing strategy, is not suitable for the proposed 

inverter system working mode. In other words, since the proposed household microgrid 

has a relatively low power input from the PV, it is rare that the PV input power is higher 

than the microgrid power demand. Thus, different from the previous large-signal stability 

analysis on a droop-controlled inverter [24], this paper considers a different working 

scenario with a different control strategy, which analyzes both AC and DC side dynamics 

together. First, a nonlinear mathematical model of a PI and PR (proportional resonant) 

cascaded controlled inverter is developed. Then, nonlinear functions, which represent 

nonlinearities of PR and PLL (phase lock loop) controllers, are replaced by their maximum 

and minimum values in the stability analysis. In the model, both DC and AC dynamics are 
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analyzed together since the cascaded control combines both sides together (the output of 

voltage controller is the reference of the current controller). Finally, the large signal 

stability analysis tool [23] is applied to find the estimated stability region. The impacts of 

system parameters on the stability regions are also discussed. Moreover, the stability region 

variances for different control parameters are studied. High fidelity PLECS simulation is 

applied to validate the stability analysis results. 

5.2 DC/AC inverter model with both dc bus dynamics and grid side dynamics 

Home applied PV microgrid (string inverter) with a DC-DC converter connecting PV 

with a DC/AC inverter was discussed in the literature [1][12][15]. A PV inverter system 

has mainly two working modes, grid-connected and stand-alone. This paper focuses on the 

grid-connected mode with a constant load requirement of the household inverter system, 

which corresponds to the proposed microgrid schematic in Figure 36. PV panel is 

controlled to work at the MPPT [16] by a DC-DC converter. The connecting point of 

converter and inverter is a capacitor with enough capacity, called the DC link [15]. The DC 

link voltage is supposed to be a stable value in order to guarantee the system works in good 

condition. To make sure only the active power is delivered from the grid, a specific PR 

controller and a PLL controller are applied to control the LCL filter current in phase with 

the utility grid to maintain UPF (Unity Power Factor). Compared with conventional single 

L filter or LC filter, LCL filter has a better performance of removing the high-frequency 

current, which is widely applied as a harmonic attenuator. The control logic for the inverter 

is a cascaded control that the DC link voltage and UPF are controlled only by the inverter, 

as shown in Figure 37. 
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Figure 37. Control logic. 

The inverter input, namely the DC link capacitor, is considered as the starting point to 

analyze the system, and the rest of the grid-connected inverter is also discussed. However, 

the PV panel dynamics and the boost DC-DC stage are not considered in this paper. The 

reason is that the duty ratio of the DC-DC boost converter is used to control the PV panel 

to work at the maximum power point, from which the DC load can always extract the 

maximum power from PV. Usually, energy storage is introduced to maintain the DC link 

voltage on island mode. A block diagram of the target system which is part of the proposed 

microgrid system is shown in Figure 38. 
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Figure 38. Overall circuit diagram. 

The basic LCL filter was applied in a DC/AC microgrid to connect the inverter with 

the utility grid [27]. Different from a droop controller [28], the PI controller cascaded with 

PR controller regulates both the DC link voltage and the grid current. Synchronization was 
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achieved through a PLL controller [29]. The PI controller compares the DC link voltage 

with the real-time voltage value and the output is the grid current reference (peak value of 

single phase current). The function of PLL controller is mainly to make the grid current in 

phase with the grid voltage (maintain UPF). With the grid current reference multiplied by 

phase information (θ), the input of the PR controller is defined. Compared with the grid 

current that goes through the first inductor in the LCL filter, the output of the PR controller 

is the switch duty ratio. Thus, the DC link voltage and the grid current can be regulated to 

the reference values. The outer loop controller is a standard PI controller, which can be 

substituted by a K-factor controller [30]. As the inner loop controllers, the PR and PLL 

controllers were discussed in the literature [29][31]. Compared with other existing 

controllers, this cascaded controller for the inverter system integrates both DC and AC 

dynamics together. Thus, a large signal Lyapunov-based method is applied to find the 

operation boundaries. 

A new full order droop-controlled DC/AC inverter model, which considered only AC 

dynamics for stability analysis, was discussed before [24]. For the same LCL filter to the 

grid system, this paper develops a model that has different control logic and integrates the 

DC link dynamics with the AC dynamics together. 

The nonlinear model of the system above is constructed in the following state-space 

model, 

x Ax Bu  , (19) 

where
1 2[i  V  i  V  T  V ]T

c DC d Cfilterx  , u is the control input of the corresponding state 

variables. The whole model is typically based on circuit dynamics (mainly capacitor and 

inductor dynamics). Moreover, Power system like the converter-based system should have 
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the controller to drive the system to work in a stable condition. In this case, the controller 

dynamics should also be considered when analyzing the system stability. Considering all 

the dynamics together, the proposed model is constructed as the nonlinear state-space 

model. The matrix A has nonlinearities in it. 

For large signal stability analysis, there are different analysis tools [23]. For example, 

the multi-model approach utilizes Takagi-Sugeno (TS) multi-modeling to approximate a 

nonlinear system. By solving the corresponding Linear Matrix Inequalities (LMIs), a 

Lyapunov energy function for the nonlinear system is then found to estimate stability 

regions. Other methods include Brayton-Moser’s mixed potential [37], BDQLF (Block 

diagonalized quadratic Lyapunov function) method [38], reverse trajectory tracking 

method [39]. In this paper, the multi-model approach using TS multi-modeling is applied 

to construct the desired linear dynamic model. In stability analysis, the state space model 

is usually transformed to an error model, which is constructed in the steady state condition. 

Since the state references in a stable operating condition are also constant, the derivative 

of the error state variable x is equal to the state derivative of x . Note that DCrefV for the 

DC link is a desired value depending on the application, which is assumed a constant value 

in this paper. Consequently, all the other references are calculated through the known 

controller and dynamic equations. Thus, the new model with error state variables is 

expressed as follows. 

* *x A x  , (20) 

where 

*

1 2

1 1 1 2 2 2

 

[ i  V  i  V   V ]

i i -i , V V -V , i i -i ,

V V -V , -T ,

V V -V

T

c DC d Cfilter

ref c c cref ref

DC DC DCref d d dref

Cfilter Cfilter Cfilter ref

x T

T T

      

     

   

 

 



51 

For the proposed model, the following equations are used to calculate the A matrix, 

where the ESR of the filter capacitor in LCL is negligible. 

1 1 1

2 2

1 2

( )inv cfilter

cfilter g

filter cfilter

L i V i R V

L i V V

C V i i

     


  


  

, (21) 

The equations in (21) describe the dynamics of the LCL filter. invV  is the output of the 

inverter, 1i  and 2i  are the currents through the first and second inductor respectively. 

gV  denotes the grid voltage. cfilterV  is the filter capacitor voltage. The three states ( 1i , 2i

and cfilterV ) are derived from the three equations above. 

PR controller is described as, 

 
1

2 2

PR c

PR p R

i G V

G K K s s 

 


  

, (22) 

where cV  denotes the control voltage of the inverter that can be regarded as the duty ratio. 

  is the grid frequency. PK  and RK  are the controller parameters. The state cV  is 

derived from the above equations combined with the system equations (24). 

PI controller is shown as, 

1

1

DC PI

PI P I

d DC

V G i

G K K s

T V

  


 




, (23) 

where DCV  denotes the state of DC link voltage, 1PK  and IK  are the controller 

parameters, where dT  is the auxiliary state variable introduced for describing the 

integrator part of PI controller when the first two equations are combined together. The 
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state DCV  and dT  are derived from the above equations combined with the system 

equations (24). 

The other system dynamics in Figure 38 are shown below, 

1 2

1

filter c

dc dc

c dc cfilter

ac
dc

dc dc

i i
C V

V V

V V V

V
V i

C V


  




 

  
 

. (24) 

The dynamic of cV  is derived by substituting the second equation in (21) to the filter 

voltage dynamics equation. The equations above are based on the inverter input and output 

relationship and power matching condition. The derivation of cV  dynamics with 

approximations is shown in the second part of Appendix A. dcV  is the desired stable value 

of DC bus. 

Integrate all the system equations above, the final model is written as, 

* * *x A x  , (25) 

where,  

1 1

1 2

*
2

1
0 0 0 0

1 1
0 0 0 0

( ) ( )

1
0 0 0 0 0

,

0 0 0 0

0 0 0 1 0 0

1 1
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 
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 
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 
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 
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 
 
 
 

 
 
   

2 ( )f x  is the transfer function PRG  and 1( )f x  (θ) is the output of the PLL controller. 

System nonlinearities are embedded in functions 1( )f x  and 2 ( )f x , respectively. 
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5.3 Estimated domain of attraction 

The basic idea of the large signal stability analysis, based on the TS multi-modeling, 

is that the nonlinear system mathematical equations is first written into the state space 

model x Ax . The input of the autonomous system is zero since the system is analyzed 

around an equilibrium point, which is typically the origin after shifting with reference 

signals in the error dynamics. For nonlinearities in A  the matrix, each nonlinearity will 

be calculated as the minimum and maximum values. Thus, multiple A  matrices are 

constructed based on different boundary values, which represents that multiple linear 

system matrices are derived by setting the upper and lower boundaries. These matrices are 

combined to construct a M  matrix for calculating the Lyapunov system energy function, 

which is utilized to estimate the system stable regions [23]. The Lyapunov function is 

derived by solving the following Linear Matrix Inequalities (LMIs). 

0

* * 0

T

T

i i

M M

A M M A

  


  , 

(26) 

where the iA  matrix is defined by the boundaries of nonlinear functions, 1( )f x  and 

2 ( )f x . The maximum and minimum values of the two nonlinear functions are found in the 

following. For the PLL controller, nonlinearity is defined as, 

10 ( ) ,f x    
 (27) 

The nonlinearity of PR controller is regarded as, 

2min ( ) max,f x 
 (28) 

where the minimum and maximum values are calculated through the NIKE function 

characteristics since the function 2 ( )f x  has the same format as the standard NIKE 
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function. Moreover, these two nonlinearities are in the same element of the matrix A , 

which can be calculated as one lumped pair of maximum and minimum values.  

Thus, the M  matrix in (26) is calculated by solving LMIs. Once the M  matrix is 

obtained, the Lyapunov candidate function for analyzing the large signal stability of the 

system is constructed by, 

* *( )  
T

V x x M x   . (29) 

Since the developed system has six different variables, it is not intuitive to plot all the 

variables together in one phase plot. For demonstration, the parameters 1i  and dcV  are 

selected for the following simulation and discussions, which represent the LCL filter 

inductor (AC side) and the DC link capacitor (DC side) dynamics, respectively. 

5.4 Simulation results and discussions 

The system parameters for simulation are shown in Table 4 

Table 4. System parameter for large signal stability analysis. 

R  (ohm) 0.01 filterC
 (F) 

1.15e-5 

1L  (H) 3.18e-3 acV  (V) 24(peak) 

2L  (H) 1.91e-3 dcV  (V) 30 

dcC  (F) 3e-3 f  (HZ) 60 

pK
 

1 1( )f x  [-0.3,2.29] 

iK  1 2 ( )f x  [0,π] 

For a normal string inverter system, the desired system output power extracted from 

the PV panel is around 1 kW to 5 kW. In that case, the PV output and the corresponding 

DC link voltage and grid voltage will be relatively high.  For the large signal stability 
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analysis in this paper, the DC link voltage is controlled at 30V, and the grid voltage is 24V 

(peak) 60Hz. Thus, this kind of scaled down system is easy to be analyzed and implemented 

in a prototype microgrid. All the other parameters are calculated based on the system 

requirement. When the parameters are used to derive the A matrix, a scale factor of 1000 

is chosen to make the stability region more reasonable and relevant to real simulation 

results. The PI controller parameters are set as 0.3 to achieve the control goal. The 

frequency of the grid is 60 Hz. The nonlinear function 1( )f x  that represents the PR 

controller transfer function has a range from -0.3 to 2.29. Finally, the PLL controller for 

the inverter grid synchronization is varied from 0 to π. The load size on the grid side is set 

to 2 ohms for simulation verification. With the set of parameters in Table 4. The system 

stability analysis is discussed as follows. 

5.4.1Case 1: Evaluation of the DC link capacitor. 

The large stability analysis based on six parameters of the system is presented in the 

1x  and 2x  frame, which are the inductor current and the DC link voltage, respectively. 

The steady state condition is aimed to work in the desired condition (mainly dcV  equals to 

30 V, inverter output in phase with the grid (UPF)). Under this normal operation condition, 

the impact of the DC link capacitor capacity on the stability margin of the DC link voltage 

is first explored. 

The Lyapunov-based asymptotic stable domain of attraction is presented in Figure 39. 

The result shows that increasing the capacitor capacity will also enlarge the voltage margins. 

However, the maximum current region, which is 1x  in the figure, remains the same. The 

reason is that output from PV is a constant value (MPPT), corresponding to a fixed grid 

voltage region. Thus, the maximum current should be no more than the calculated one. The 
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capacitor is chosen to vary from 1 mF to 3 mF. Meanwhile, the inductor value is set to be 

a constant value at 1 mH. The range of the margin changes from around 60V to 80V. From 

large-signal stability analysis perspective, this means that for controlling the system to a 

higher desired voltage, the larger capacitor will lead the system margin to a higher level. 

In other words, the system will oscillate or even become unstable if the control goes beyond 

the value that the capacitor can hold 

 
Figure 39. Estimated region changes with different DC link capacitor values. 

To validate the large signal stability region above, the PLECS simulation of the 

circuits is tested to explore the system stability boundary. The first simulation parameter is 

1 mF (capacitor value). In Figure 40. The result shows the value of the DC link voltage is 

around 63V, which is maximum value that the system can hold. When the reference voltage 

is set beyond 63V, the DC link voltage will have a high oscillation. The simulation results 

show that the estimated region of stability is confirmed. The estimated stability region of 

the Lyapunov method is more conservative compared to the PLECS simulation results. 

The second simulation is tested for the capacitor is 3 mF. The estimated stability boundary 

is around 80V. The simulation result is shown in Figure 41. The voltage reference is set as 
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a step change from 71V to 80V, and the response shows that the system can work in a 

stable way. When the reference is chosen to be more than 80V, the system will become 

unstable. In Figure 42. Results show that the system starts to oscillate and the simulation 

is unable to continue around 0.03 second. Thus, the system boundary increase matches with 

the estimation results. 

 
Figure 40. Simulation results. (Cdc=1mF) 

 
Figure 41. Simulation results. (Cdc=3mF) 

 
Figure 42. The system becomes unstable. (reference exceeds the limit) 

 

5.4.2 Case 2: Evaluation of the LCL filter inductor 

In Figure 43, another estimated domain of attraction is presented, which aims to 

explore the influence of different grid inductor values on the DC link voltage stability. In 

this figure, three different values of the inductor, 0.6 mH, 1 mH, and 3 mH, are applied 

respectively, and all the other system parameters remain the same. For the largest inductor 
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value (3mH), the boundary is around 62 V that is shown as the smallest green ellipse. As 

the first inductor value in the LCL decreases, the estimated attractions based on the large 

signal Lyapunov method increases. For the lowest value inductor 0.6 mH, the stability 

boundary is close to 85V. The result shows that the DC link stability region of the cascaded 

control-based inverter will be enlarged if the inductor value is chosen to be a smaller value. 

However, the value must be within a reasonable range when designing the LCL filter. 

Moreover, in Figure 43, it is shown that changing the inductor value of the grid side will 

have some impacts on the DC link stability. The effect of the inductor changes will become 

relatively not remarkable as the inductor capacity drops to a low value. 

Two PLECS simulation results are presented to verify the above-estimated stability 

regions. The DC link capacitor value is set to be 3 mF. Choosing the inductor value to be 

1.1 mH, the maximum value of the DC link voltage is around 80 V, shown in Figure 44. A 

step change of voltage reference is set to explore the stability of the system. Results show 

that the maximum value the simulation can hold is around 80V. Finally, the inductor value 

is set to 3 mH, and the PLECS simulation results show that the stability boundary is around 

60V. The estimated region is around 58V, which matches with the analysis result. When 

the reference value is set to more than the boundary value in this situation, the system will 

be unstable shown in Figure 45. High voltage oscillations occur between 0V to 30V. The 

criteria for defining the system is stable or not in PLECS is to find if the voltage will reach 

the reference value. Moreover, if the DC link voltage encounters high oscillations, this is 

also considered unstable. 
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Figure 43. Estimated region changes with different LCL filter inductor values. 

 
Figure 44. Simulation results. (L1=1.1mH) 

 
Figure 45. Simulation results. (L1=3mH) 

 
Figure 46. The system becomes unstable. (reference exceeds the limit) 

5.4.3 Case 3: Evaluation of the PI controller parameter. 
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Figure 47. Estimated regions for different control parameter values. 

 
Figure 48. PLECS simulation results (Kp=0.5). 

 

 
Figure 49. PLECS simulation results (Kp=0.65). 

 

In Figure 47, the effects of the various controller parameters are explored, which aims 

to study how the controller parameters influence the stability regions. Three different 

proportional gains are chosen as 0.3, 0.5 and 0.65 to get the estimated domains of attraction. 

All the other system parameters remain the same. For the largest value Kp=0.65, the 

maximum dc link voltage is around 40V. As the proportional gain, Kp decreases to 0.5 and 

0.3, the maximum voltage value actually increases to 56V and 80V, respectively. The 
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results show that as the controller parameter (Kp) increases, the corresponding stability 

boundary will decrease. A larger proportional gain will result in a larger change in response 

to the same error, and the system is easier to encounter highly oscillations, which means 

the larger the proportional gain, the smaller the estimated stability boundaries.  

Simulations are implemented in PLECS to validate the estimation results. In Figure 

48, the stability boundary for Kp=0.5 is presented. The maximum value that the simulation 

voltage can be set is around 59V, which is similar to the estimated result. For the bigger 

controller parameter value (Kp=0.65), the maximum voltage is around 50V, which is shown 

in Figure 49. This means the estimated boundary is a little bit conservative than the real 

simulation result. Both PLECS simulation results and the Lyapunov stability region 

estimation illustrate the fact that bigger controller parameters will cause the stability region 

to become narrower. 

Three different cases validate the estimated domain of attraction through PLECS 

simulation. The simulation results are based on a PV string inverter microgrid schematic, 

which can be regarded as a household application PV system. This study confirms that the 

Lyapunov-based large-signal stability analysis method can be utilized as a tool to estimate 

the stability boundary.  Although the results will not be exact as the PLECS simulation 

results, it can serve as a reference or an indicator.  

5.5 Conclusion 

The large signal stability of the scaled down grid-connected inverter in a PV home 

application is explored. The nonlinear dynamic system model is developed. The effects of 

different DC link capacitors and the impact of grid side inductors on DC side are discussed. 

Simulation results of PLECS software are applied to verify the estimated stability regions. 
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Both the simulation results and the estimated large-signal stability regions show that a 

larger DC link capacitor will enhance stability regions. Moreover, the influence of the grid 

inductor on the DC link stability is not negligible. The inductor with a bigger value will 

reduce the estimated stability regions. In addition, a larger proportional control value will 

shrink the system stability region. 

5.6 Future work 

Future work should concentrate on exploring whether Lyapunov stability region 

should be conservative than the real simulation results or not. Moreover, in this proposed 

model, both PR controller and PLL controller are regarded as nonlinear functions. A 

suitable modeling method should be applied to study the impact of these two controller 

parameters on the stability estimated region. Moreover, the stand-alone mode of this kind 

of system should be modeled as well. 
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APPENDIX 

MATLAB CODE FOR SOLVING PARAMETER A 

Isc=8.68; Voc=37.5; Ns=60; Vmp=30.2; Imp=8.13; dV_dI_oc=-0.385; Rsh=237; 

q=1.6*10^-19;k=1.38*10^-23; T=298; 

VT = []; 

Io = []; 

Rs = []; 

Imp_c = []; 

n = 1; 

for i = 1:0.001:1.5 

    aaa(n) = i; 

    n = n+1; 

end 

  

for i = 1:1:length(aaa) 

    VT(i) = (aaa(i)*k*T*Ns)/q; 

    Io(i)=Isc/(exp(Voc/VT(i))-1); 

    Rs(i)=-dV_dI_oc-VT(i)/Isc; 

    Imp_c(i)=Isc-Io(i)*(exp((Vmp+Imp*Rs(i))/VT(i))-1)-(Vmp+Imp*Rs(i))/Rsh; 

end 

  

for i = 1:1:length(aaa) 

    if Imp_c(i) > Imp 

        result = i; 

        finalVT = VT(i); 

        finalIo = Io(i); 

        finalRs = Rs(i); 

        finalImp = Imp_c(i); 

end 
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The derivations of 
cV  dynamics is described as follows.  
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 is negligible compared with 1, the final 
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which is the same as that in (24). 

 


